Lipotoxicity induced by saturated fatty acids (SFAs) plays a pathological role in the development of non-alcoholic fatty liver disease (NAFLD); however, the exact mechanism(s) remain to be clearly elucidated. Toll-like receptor (TLR) 4 plays a fundamental role in activating the innate immune system. Intriguingly, hepatocytes express TLR4 and machinery for TLR4 signalling pathway. That liver-specific TLR4 knockout mice are protective against diet-induced NAFLD suggests that hepatocyte TLR4 signalling pathway plays an important role in NAFLD pathogenesis. Herein, using cultured hepatocytes, we sought to directly examine the role of TLR4 signalling pathway in palmitate-elicited hepatotoxicity and to elucidate underlying mechanism (s). Our data reveal that palmitate exposure up-regulates TLR4 expression at both mRNA and protein levels in hepatocytes, which are associated with NF-jB activation. The inhibition of TLR4 signalling pathway through both pharmacological and genetic approaches abolished palmitate-induced cell death, suggesting that TLR4 signalling pathway activation contributes to palmitate-induced hepatotoxicity. Mechanistic investigations demonstrate that inositol-requiring enzyme 1a (IRE1a), one of three major signal transduction pathways activated during endoplasmic reticulum (ER) stress, is the downstream target of palmitate-elicited TLR4 activation and mechanistically implicated in TLR4 activation-triggered cell death in response to palmitate exposure. Collectively, our data identify that the TLR4-IRE1a pathway activation contributes to palmitate-elicited lipotoxicity in hepatocytes. Our findings suggest that targeting TLR4-IRE1a pathway can be a potential therapeutic choice for the treatment of NAFLD as well as other metabolic disorders, with lipotoxicity being the principal pathomechanism.
| INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) covers a spectrum of liver diseases ranging from steatosis, non-alcoholic steatohepatitis (NASH), to final stages of fibrosis/cirrhosis and hepatocellular carcinoma. 1 With rapidly increased prevalence of NAFLD in the past decades, the demand for effective therapies has never been greater.
However, our understanding on the pathogenesis of the disease at the cellular and molecular levels remains speculative, which greatly limited the development of safe and efficacious medicines and therapies.
Lipotoxicity, a term coined to describe the detrimental effects of ectopic lipids accumulation, plays a key role in the pathogenesis of NAFLD. 2 Although the traditional "two-hit" hypothesis, proposed eighteen years ago, suggests that hepatic steatosis represents the first hit during the disease development, 3 emerging evidence supports that elevated circulatory free fatty acid (FFA) concentration, instead of triglyceride accumulation, is the culprit attributing to the disease progression. 4 Saturated fatty acids (SFA), such as palmitate (16:0) and stearic acid (18:0), induce cell death in a variety of mammalian cell lines, including but not limited to hepatocytes, macrophages and vascular smooth muscle cells (VSMCs). [5] [6] [7] [8] [9] Palmitate is the most common FFAs found in animals, plants and microorganisms and one of the most abundant FFAs in human circulation. 10 The mechanisms underlying palmitate-induced lipotoxicity remain obscure. Accumulated evidence supports that the metabolites of palmitate, for example, ceramides and phosphatidic acid, contribute to its lipotoxic effect, which have been reported in pancreas and cardiac vascular tissues. 11, 12 In hepatocytes, in vitro studies suggest that multiple pathways are altered upon palmitate exposure, including ceramide synthesis, JNK activation, oxidative stress and endoplasmic reticulum (ER) stress, with results varying, or even conflicting. [13] [14] [15] [16] [17] [18] The ER is an organelle playing a critical role in cellular protein folding and assembly. Accumulation of unfolded or misfolded proteins in the ER lumen during certain pathophysiological conditions leads to the activation of a group of signal transduction pathways, which is collectively named unfolded protein response (UPR) or ER stress. 19 Among three major signal transduction pathways activated during UPR, including PKR-like ER kinase (PREK), inositolrequiring enzyme 1a (IRE1a) and activating transcription factor 6 (ATF6), IRE1a is the most conserved one, acting as a protein kinase and endoribonuclease. 20 In response to ER stress inducers, IRE1a undergoes homodimerization and autophosphorylation to achieve its endoribonuclease (RNase) activity, leading to an unconventional splicing of the mRNA encoding X-box binding protein 1 (XBP-1) by removing a 26-base intron, 20, 21 an indicative of IRE1a activation.
Other than directly inducing cell death, SFAs, specifically palmitate, also play a pivotal role in the induction of inflammatory response via acting as a Toll-like-receptor (TLR) 4 ligand, whereby contributing to the development of whole body insulin resistance. 22 Palmitate-elicited TLR4 signalling pathway activation has been reported in both adipocytes and macrophages and TLR4 deletion blunted palmitate-induced inflammatory signalling in these cells, 22 suggesting that TLR4 signalling pathway plays a pivotal role in palmitate-elicited inflammatory response. The involvement of TLR4 activation in palmitate-induced cell death was recently reported in macrophages. 22 TLR4 activation under lipotoxic conditions led to macrophage cell death, which was mediated by TRIF, one of the downstream targets of TLR4 signalling. 23 Several other studies using whole body TLR4 knockout mice consistently demonstrated that TLR4 pathway was critically involved in NASH progression in various animal models. 24, 25 Although the majority of the work relating TLR4 activation to NAFLD progression focused on macrophages, a very recent in vivo study using tissue-specific TLR4 knockout mice revealed that hepatocyte-specific TLR4 knockout mice exhibited improved glucose tolerance, enhanced insulin sensitivity and ameliorated hepatic steatosis after a high-fat diet challenge. 26 Thus, TLR4
activation in hepatocytes and its significance in the process of lipotoxicity and the pathogenesis of NAFLD require further evaluation. Interestingly, several recent studies revealed that, in monocytes and macrophages, TLR4 activation was associated with the activation of IRE1a, one of the three branches of downstream UPR/ER stress signalling. 27 However, whether this is also the scenario for hepatocytes and importantly whether this pathway contributes to palmitate-induced lipotoxicity in hepatocytes remain unknown.
In this study, we conducted in vitro experiments to study the role of TLR4 activation in palmitate-induced lipotoxicity and sought to elucidate underlying mechanisms behind it. Our study reveals that TLR4 signalling pathway contributes to palmitate-induced cell death in hepatocytes via activating IRE1a endoribonuclease activity.
| MATERIALS AND METHODS

| Chemicals
Chemicals including palmitate (P0500), bovine serum albumin (BSA, A7030), myriocin (M1177), bay11-7082 (B5556), STF-083010 (SML0409) and DMSO (D2650) were purchased from Sigma-Aldrich.
Other chemicals used in this study were purchased as follows: CLI- The following primers were commercially available ones and purchased from Qiagen: human TLR4 (NM_003266), Bcl-2 (NM_000633), TNF-alpha (NM_000594) and IP-10 (NM_0001565).
| NF-jB p65 binding activity assay
Nuclear lysate was used following the manufacturer's instruction for NF-jB p65 Transcription Factor Assay Kit (ab133112, Abcam) for determination of nuclear p65 binding activity.
| Statistical analysis
All data were expressed as mean AE SD. Statistical analysis was performed with a one-way ANOVA and was analysed further by post hoc test with Fisher's least significant difference (LSD) for statistical differences. Differences between treatments were considered to be statistically significant at P < .05. Figure 1A , TLR4 mRNA was significantly increased in response to palmitate challenge, which peaked at 2-hour time-point (~4-fold increase over untreated cells). The elevation of TLR4 gene expression was retained during the whole 6-hour experimental period. In accordance, increased protein abundance of TLR4 was observed after 2-hour palmitate exposure ( Figure 1B) TLR4 signalling cascade includes both Myd88-dependent and Myd88-independent pathways, with NF-jB activation being a major downstream event of TLR4 signalling pathway activation. To determine whether TLR4 up-regulation in response to palmitate exposure is concomitant with the activation of its signalling pathway, we next examined the effect of palmitate exposure on NF-jB p65-DNAbinding activity by ELISA using nuclear proteins. HepG2 cells were treated with or without Bay 11-7082 (10 lmol/L, an NF-jB inhibitor) for 1 hour, followed by a 2-hour 0.4 mmol/L palmitate exposure.
Nuclear proteins were extracted and subjected to ELISA for the determination of p65-DNA-binding activity. As shown in Figure 1C , palmitate exposure resulted in a more than twofold increase in p65-F I G U R E 2 TLR4 signalling pathway activation contributes to palmitate-induced cell death. HepG2 cells were treated with palmitate at 0, 0.2, 0.4 and 0.6 mmol/L for overnight. Cell viability was determined by LDH release measurement (A). All values are denoted as means AE SD from three or more independent experiments. *P < .05 vs untreated cells; **P < .01 vs untreated cells. B, HepG2 cells were treated with 0.4 mmol/L palmitate at the presence/absence of CLI-059, a TLR4 inhibitor or TLR4 neutralizing antibody for overnight. Cell viability was determined by LDH release measurement. All values are denoted as means AE SD from three or more independent experiments. Bars with different characters differ significantly (P < .05). C, Primary mouse hepatocytes were treated with 0.4 mmol/L palmitate at the presence/absence of CLI-059, a TLR4 inhibitor or TLR4 neutralizing antibody for overnight. Cell viability was determined by LDH release measurement. All values are denoted as means AE SD from three or more independent experiments. Bars with different characters differ significantly (P < .05). D-E, HepG2 cells were transfected with either scramble siRNA or siRNA for TLR4 for overnight, followed by 0.4 mmol/L palmitate exposure. TLR4 gene expressions were determined by real-time PCR (D), and cell viability was measured by LDH release measurement 16 hours later. All values are denoted as means AE SD from three or more independent experiments. Bars with different characters differ significantly (P < .05) DNA-binding activity, which was abrogated by Bay 11-7082 pre-treatment. Furthermore, we showed that palmitate exposure significantly increased gene expression of cIAP2 and Bcl-2, two NF-jB target proteins ( Figure 1D ). Importantly, palmitate-induced up-regulation of NF-jB target genes was blunted by CLI-059 (1 lg/mL), a specific TLR4 inhibitor ( Figure 2D ), suggesting that palmitate activates TLR4 signalling pathway in hepatocytes. Finally, the expressions of two signature genes in response to TLR4 signalling pathway activation, TNF-a (Myd88-dependent pathway) and IP-10 (Myd88-independent pathway), were examined. As shown in Figure 2E , both genes were up-regulated by palmitate exposure.
| TLR4 signalling pathway activation contributes to palmitate-induced cell death
We previously reported that palmitate exposure induced cell death in HepG2 cells. 28, 29 In this study, both HepG2 cells, a human hepatoma cell line and primary mouse hepatocytes were employed to generalize our key observations in hepatocytes. Consistent with our previous reports, a dose-dependent decrease in cell viability was observed in HepG2 cells exposed to palmitate (Figure 2A ). To determine whether TLR4 signalling pathway activation contributes to the palmitate-induced cell death, we blockaded TLR4 signalling by three approaches, including pharmacological inhibitor (CLI-095) pre-treatment, neutralizing antibody pre-exposure and overnight transfection with TLR4 siRNA. As shown in Figure 2B 3.5 | TLR4 pathway activation contributes to palmitate-triggered IRE1a activation
As both TLR4 signalling pathway blockage and IRE1a suppression conferred protection against palmitate-induced cell death in hepatocytes, we posited that TLR4 pathway activation might be mechanistically involved in palmitate-triggered IRE1a activation. To test our hypothesis, HepG2 cells were pre-treated with CLI-095 (TLR4 inhibitor) for 1 hour or transfected with TLR4 siRNA for overnight, followed by palmitate exposure. Total RNA was extracted after 6 hours, and the gene expression was determined by real-time RT-PCR. As shown in Figure 5A and B, palmitate exposure activated IRE1a, which was evidenced by a markedly increase in XBP1s mRNA level, leading to an approximate 2.5-fold increase in the XBP1s to XBP1u ratio ( Figure 5A and B) . Interestingly, both TLR4 inhibitor and TLR4 siRNA blunted palmitate-elicited XBP1 splicing ( Figure 5A and B), suggesting that TLR4 signalling pathway activation is mechanistically involved in palmitate-induced IRE1a activation.
| DISCUSSION
In the present study, we provide evidence supporting that the TLR4-IRE1a pathway activation is critically involved in palmitateinduced lipotoxicity in hepatocytes. We demonstrated that palmitate exposure up-regulated TLR4 expression and activated its F I G U R E 4 IRE-1a activation contributes to palmitate-induced cell death. A, HepG2 cells were exposed to 0.4 mmol/L palmitate at the presence/absence of STF083010, a specific inhibitor of IRE1a's endonuclease activity, for one hour. Total RNA was extracted 8 hours later for the measurement of both unspliced XBP1 (XBP1u) and spliced XBP1 (XBP1s) mRNA by real-time RT-PCR. Cell death was determined after 16-hour palmitate exposure by LDH release assay. Thapsigargin, a well-established potent ER stress inducer, was used as a positive control for the specificity of the primer sequence of both unspliced XBP1 (XBP1u) and spliced XBP1 (XBP1s). All values are denoted as means AE SD from three or more independent experiments. Bars with different characters differ significantly (P < .05). B, XBP1s to XBP1u ratio. Bars with different characters differ significantly (P < .05). C-D, HepG2 cells were transfected with either scramble siRNA or siRNA for IRE1a for overnight, followed by 0.4 mmol/L palmitate exposure. IRE1a gene expressions were determined by real-time PCR (C), and cell viability was measured by LDH release measurement 16 hours later. All values are denoted as means AE SD from three or more independent experiments. Bars with different characters differ significantly (P < .05) MyD88-independent pathway. 22 The MyD88-dependent pathway involves an early phase of NF-jB activation, leading to the production of inflammatory cytokines, while the MyD88-independent pathway involves the later phase that activates the interferon regulatory factor (IRF3). 30 In monocytes, palmitate elicited the production of pro-inflammatory cytokines via activation TLR4 pathway, linking innate immunity and fatty acid-induced insulin resistance. 31 20 ; however, in addition to being activated by the canonical UPR/ER stress pathway, accumulating evidence F I G U R E 5 TLR4 pathway activation contributes to palmitate-triggered IRE1a activation. A, HepG2 cells were pre-treated with or without CLI-095, a chemical inhibitor of TLR4, for 1 hour, followed by palmitate exposure. Total RNA was extracted after 6 hours, and mRNA levels of XBP1u and XBP1s were determined by real-time RT-PCR and XBP1s/XBP1u calculated. All values are denoted as means AE SD from three or more independent experiments. Bars with different characters differ significantly (P < .05). B, HepG2 cells were transfected with either scramble siRNA or TLR4 siRNA for overnight, followed by palmitate exposure. Total RNA was extracted after 6 hours, and mRNA levels of XBP1u and XBP1s were determined by real-time RT-PCR and XBP1s/XBP1u calculated. All values are denoted as means AE SD from three or more independent experiments. Bars with different characters differ significantly (P < .05)
suggests the existence of the alternative mechanisms for IRE1a activation. Indeed, in macrophages, both TLR4 and TLR2 were able to specifically activate IRE1a to promote pro-inflammatory cytokine expression in spite of the absence of an ER stress response. 34, 35 In the liver, fructose promotes hepatic de novo lipogenesis via eliciting ER stress-independent IRE1a-XBP1 activation. 36 Previous studies, including ours, reported that palmitate exposure instigated UPR/ER stress, which was attributed to the cell death in hepatocytes. 28 In this study, we demonstrated that IRE1a inhibition almost completely prevented palmitate-induced cell death, suggesting that IRE1a pathway activation contributes to lipotoxicity in hepatocytes. Our observations that both TLR4 and IRE1a inhibition conferred protection against palmitate-induced cell death emboldened us to investigate the potential existence of the link between TLR4 and IRE1a in hepatocytes in response to palmitate challenge. We showed that, under the circumstance of TLR4 inhibition, palmitate-induced IRE1a activation was significantly compromised. These results provided initial evidence supporting the notion that TLR4 pathway is mechanistically involved in palmitate-triggered IRE1a activation, whereby leading to palmitate-induced lipotoxicity in hepatocytes.
NF-jB activation is a major downstream event in response to TLR4 activation. It is thus conceivable to posit that NF-jB activation may contribute to palmitate-induced cell death in hepatocytes. However, our observation that NF-jB inhibitor pre-treatment failed to protect hepatocytes against palmitate-induced cell death suggested that an NF-jB-independent pathway underlies the role of TLR4 activation in palmitate-induced cell death. This observation is indeed in line with a previous report which demonstrated that TLR4 signalling mediated palmitate-instigated up-regulation of gluconeogenic gene expression in hepatocytes in a NF-jB-independent mechanism 37 . In 
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